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(57) Abstract: A method of delivering
a contrast enhancing fluid to a patient
using an injector system, including:
determining at least one patient transfer
function for the patient based upon data
specific to the patient, the at least one
patient transfer function providing a time
enhancement output for a given input;
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operational limitation or constraint of the
injector system. A method of modeling

propagation of a pharmaceutical fluid in a patient, includes: collecting data corresponding to a time response curve resulting from
injection of the fluid; and determining at least one mathematical model describing the data. The mathematical model can, for
example, be a model which is not determined by a continuous or a discrete-time Fourier deconvolution of the data. A method
of controlling injection of a pharmaceutical fluid into a patient using an injector in a medical procedure, includes: collecting
data corresponding to a patient response curve resulting from injection of the fluid; determining at least one mathematical model
describing the data; and controlling the injector during the medical procedure to control injection of the fluid into the patient to
& create patient response at least in part on the basis of the mathematical model. A method of controlling injection of a contrast
& medium into a patient using an injector in a medical imaging procedure using an imaging scanner, includes: determining at least
one mathematical model to predict a time enhancement response resulting from injection of the contrast medium; determining an
injection protocol to approximate a predetermined time enhancement response in the patient by determining a constrained input
solution to the mathematical model; and using the injection protocol to control the injector during the medical imaging procedure to
control injection of the contrast medium into the patient to create an image of a region of interest.
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MODELING OF PHARMACEUTICAL PROPAGATION
' CROSS-REFERENCE TO RELATED APPLICATION

[0001] The application claims benefit of U.S. Provisional Patent Application Serial
No. 60/628,201, filed November 16, 2004, the disclosure of which is incorporated herein by‘
reference.

BACKGROUND OF THE INVENTION

[0002] The present invention relates generally to modeling of the propagaﬁon of a
phan'naceutical in a patient, and, particularly, to modeling of contrast media propagation in a patient for
" use in imaging procedures.
| [0003] References set forth herein may facilitate understanding of the present invention or
the background of the present invention. Inclusion of a reference herein, however, is not intended to
and does not constitute an admission that the reference is available as prior art with respect to the
present invention.

[0004] Various contrast media are injected into a patient for many diagnostic and therapeutic
imaging procedures such as X-ray procedures (including, for example, angiography, venography and
'urography), computed tomography (CT), magnetic resonance imaging (MRI), ultrasonic imaging,
light based imaging; ‘and_ positron emission tomography (PET). The CT scanner has, for example,
become an indispensable modern, diagnostic imaging tool. It enables the precise measurement of
anatomical structures, and in some instances, physiologic processes in 2, 3 and 4 dimensions. The
imaging of soft tissug, vasculature, and other structures is not easily accomplished with CT scanners
because these structures do not differentially attenuate X-Rays to an appreciable degree. To
overcome these limitations, a radio-absorbing or radio-opaque drug or contrast is injected, commonly
into the peripheral venous circulation. The contrast agent used for CT imaging is typically a water-
soluble salt that binds three or more Iodine atoms within a benzene structure. Iodine attenuates X-
Rays in the energy ranges used in medical imaging procedures. A computer-controlled pump or
injector injects a precise volume of contrast agent at flow rates typically ranging from .5 to 6 ml/s
(pressures generated up to 300 psi) into a patient's venous system before a scan is made. Examples

of front loading syringe injectors commonly used in CT procedures are disclosed, for example, in
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U.S. Patent Nos. 5,300,031, 5,383,858 and 6,652,489, assigned to the assignee of the present
invention, the disclosure of which is incorporated herein by reference.

[0005] The MultiDetector CT scanners (MDCT) now enable clinicians to perform
unparalleled diagnostic scans of patient anatomy and physiology. With such new technologies,
however, arise new challenges for application in daily practice. Despite the breakthroughs in
volumetric coverage and image resolution, the new generation of CT scanners still requires the
administration of iodinated contrast agent to achieve the best image and diagnosis. Moreover, the
importance of timing of the scan to coincide with optimal contrast concentration can be increased in
the case of MDCT.

[0006] The delivery of contrast agent is generally open-loop in the sense that the injection
- system does not incorporate knowledge or estimates of the drug's interaction with the physiology into
its control scheme. The injection system delivers exactly the amount of contrast agent programmed
at thé specified rate. This methodology works well when a scan takes a substantial amount of time so
that the early pharmacokinetics of the drug does not influence the quality of the diagnostic scan.
This methodology also works well when the object of the scan is an assessment of perfusion, that is
drug uptake, into, for example, parenchyma or suspected carcinomas. Advances in scanning
technology enable the acquisition of images in very short time periods (seconds). This trend, coupled
with the increasing desire to produce volumetric renderings of anatomical structures (like the heart,
it's coronary vasculature, and the great vessels leading to and from it), requires that the early
pharmacokinetics and pharmacodynamics of the contrast be considered. Ideally, the attenuation
curve produced by the presence of contrast agent in a large blood vessel is preferably uniform (flat)
and sufficiently similar across regions of the patient to facilitate volumetric rendering and accurate
diagnosis, and is the imaging scan timed to-cdincide with optimal contrast concentration in the
region(s) of interest.

[0007] - Differences in dosing requirements for different patients during imaging and other
procedures have been recognized. For example, U.S. Patent No. 5,840,026, assigned to the assignee
of the present invention, the disclosure of which is incorporated herein by reference, discloses
devices and methods to customize the injection to the patient using patient specific data derived
before or during an injection. Although differences in dosing requirements for medical imaging

procedures based upon patient differences have been recognized, conventional medical imaging
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procedures continue to use pre-set doses or standard delivery protocols for injecting contrast media
during medical imaging procedures. Given the increased scan speed of recently available CT
scanners including MDCT scanners, single phase injections are dominant over biphasic injections in
regions of the world where such fast scanners are used. Although using fixed protocols (whether
uniphasic, biphasic or multiphasic) for delivery simplifies the procedure, providing the same amount
- of contrast media to different patients under the same protocol can produce very different results in
image contrast and quality. Furthermore, with the introduction of the newest MDCT scanners, an
open question in clinical practice and in the CT literature is whether the standard contrast protocols
used with single-slice, helical scanners will translate well to procedures using the MDCT machines.
Cademartiri, F. and Luccichenti, G., et al. (2004). "Sixteen-row multislice computed tomography:
basic concepts, protocols and enhanced clinical applications." Semin Ultrasound CT MR 25(1): 2-
16. . v
[0008] A few studies have atfempted quantitative analyses of the inj ection process during CT
angiography (CTA) to improve and predict arterial enhancement. For example, Bae and coworkers
~developed pharmacokinetic (PK) and dynamic models of the contrast behavior and solved the
coupled differential equation system with the aim of finding a driving function that causes the most
uniform arterial enhancement. K. T. Bae, J. P. Heiken, and J. A. Brink, "Aortic and hepatic contrast
medium enhancement at CT. Part L. Prediction with a computer model," 'Radiblogy, vol. 207, pp.
647-55, 1998; K. T. Bae, "Peak contrast enhancement in CT and MR angiography: when does it
occur and why? Pharmacokinetic study in a porcine model," Radiology, vol. 227, pp. 809-16, 2003,
K. T. Bae et al., ‘;Multiphasic Injection Method for Uniform Prolonged Vascular Enhancement at CT
Angiography: Pharmacokinetic Analysis and Experimental Porcine Method,” Radiology, vol. 216,
pp. 872-880, 2000, U.S. Patent Nos. 5,583,902, 5,687,208, 6,055,985, 6,470,889 and 6,635,030, the
disclosures of which are incorporated herein by reference. An inverse solution to a set of differential
equations of a simplified compartmental model set forth By Bae et al. indicates that an exponentially
decreasing flow rate of contrast medium may result in optimal/constant enhancement in a CT
imaging procedure.
[0009] Bae's PK approach for deriving uniform image enhancement relies upon many
physiological parameters that may not be readily available to a clinician, such as central blood

volume, diffusion rates, and cardiac output. Not having explicit measurements of cardiac output is a
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substantial drawback to Bae's approach, despite attempts to approximate the value based upon the
patient's age, weight, and height. Furthermore, there is no consideration for implementation of the
PK models in a controller framework. The injection profiles computed by inverse solution of the PK
model are profiles not readily realizable by CT power injectors, without major modification.
Moreover, the PK model of Bae does not consider the effects of pulsatile flow, vessel compliance,
and local blood/contrast parameters (ie: viscosity).

[0010] Fleischmarm and coworkers treat the cardiovascular physiology and contrast kinetics
as a “black box” and determine its impulse response by forcing the system with a short bolus of
contrast (approximating an unit impulse). In that method, one performs a Fourier transform on the
impulse response and manipulates this transfer function estimate to find the optimal injection
trajectory. D. Fleischmann and K. Hittmair, "Mathematical analysis of arterial enhancement and
optimization of bolus geometry for CT angiography using the discrete Fourier transform," J Comput
Assist T omogr, vol. 23, pp. 474-84, 1999, the disclosure of which is incorporated herein by
reference.

[0011] The administration of contrast agent is commonly uniphasic — 100 to 150 mL of
corrtrast at one flow rate, which results in a non-uniform enhancement curve. See, for example, D.
Fleischmann and K. Hittmair, supra; and K. T. Bae, "Peak contrast enhancement in CT and MR
angiography: when does it occur and why? Pharmacokinetic study in a porcine model," Radiology,
vol. 227, pp. 809-16, 2003, the disclosure of which are incorporated herein by reference.
Fleischmann and Hitmmair present a scheme that attempts to tailor the administration of contrast
agent into a biphasic injection tailored to the individual patient with the intent of optimizing imaging
of the aorta. A fundamental difficulty with controlling the presentation of CT contrast agent is that
hyperosmolar drug diffuses quickly from the central blood compartment. Additionally, the contrast
is mixed with and diluted by blood that does not contain contrast. The mixing and dilution of the
contrast medium is reflected by a peaked and distorted enhancement curve as exemplified in Figure
1.

[0012]  Fleischmann proscribes that a small bolus injection, a test injection, of contrast agent
(16 ml of contrast at 4 ml/s) be injected prior to the diagnostic scan. A dynamic enhancement scan is
made across a vessel of interest. The resulting processed scan data (test scan) is interpreted as the

impulse response of the patient/contrast medium system. Fleischmann derives the Fourier transform
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of the patient transfer function by dividing the Fourier transform of the test scan by the Fourier
transform of the test injection. Assuming the system is a linear time invariant (LTT) system and that
the desired output time domain signal is known (a flat diagnostic scan at a predefined enhancement
levél) Fleischmann derives an input time signal by dividing the frequency domain representations of
the desired output by that of the patient transfer function. '

[0013] The zipproach of Fleischman méy be promising in the fact that it derives a
representation of the patient based upon a known test injection. Because the method of Fleischmann
et. al. computes input signals that are not realizable in reality as a result of injection system
limitations (fof exarﬁple, flow rate limitations), one must truncate and approximate the computed
continuous time signal. Because-of the inaccuracies introduced by that step, the computed idealized
input .trajectories are not optimal.  Furthermore, it is unclear if the linearity assumption holds for all
patients and pathophysiolqgies. Finally, it is unclear if the enhancement curves generated by his
method are any more uniform than those generated by simple biphasic injections.

[0014] Various models have also been developed for pharméceuticals other than contrast
medial. For example, Fisher and Teo, "Optimal insulin infusion resulting from a mathematical
model of blood glucose dynamics", IEEE Trans Biomed Eng, vol. 36(4), pp. 479-486, 1989, the
disclosure of which is incorporated herein by reference, modeled the dynamics of glucose and insulin
‘with the aim of generating optimal insulin infusion parameters. They treat the problem as a classic
optimization problem by applying a quadratic performance criterion and solving the algebraic Ricatti
equations. They discovered that impulse control was the superior approach compared to constant
infusion, sub-optimal control and no regulation of the insulin injection.

[0015] Jacobs "Algorithm for optimal linear model-based control with application to
pharmacokinetic model-driven drug delivery”, IEEE Trans Biomed Eng, vol. 37(1),pp. 107-109,
1990, the disclosure of which is incorporated herein by reference, presented a control algorithm for
the regulation of anesthetic drugs thét places a pharmacokinetic model in parallel with the actual
drug process. A clinician determines the target plasma concentration.

[0016] Wada and Ward, "The hybrid model: a new pharmacokinetic model for computer-
controlled infusion pumps", IEEE Trans. Biomed Eng, vol. 41(2), pp. 134-142, 1994, the disclosure
of which is incorporated herein by reference, derived a 3 compartment pharmacokinetic model

similar to the approach taken by Bee and used this in a hybrid control scheme in an attempt to
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regulate the plasma concentration of anesthetic (the upload alienating). They were attempting to
model the recirculation effect of the agent through the blood stream, as well, which they modeled by
inserting transport delays in their simulations. They were able to generate simulation with prediction
errors under 5%.

[0017] Wada and Ward "Open loop gontrol of multiple drug effects in anesthesia", IEEE
Trans. Biomed Eng, vol. 42(7), pp. 666-677, 1995, the disclosure of which is incorporated herein by
~ reference, also applied their hybrid pharmacokinetic (PK) model to control multiple effects of
anesthgtic drugs. Their control scheme requires an anesthesiologist to set the allowable side-effect
levels (expresSed as a plasma concentration).

[0018] Neatpisarnvanit and Boston, “Estimation of plasma insulin from plasma glucose",
IEEE Trans Biomed Eng, vol. 49(11), pp.1253-1259, 2002, the disclosure of which is incorporated
herein by reference, applied a recursive least square parameter estimation approach to predict the
plasma concentration of glucose and insulin. Their approach reéulted in predictions that matched
plasma ieVels of glucose and insulin in 6 of 7 patients (expérimental data gathered via the
IntraVenous Glucose Tolerance Test) and agreed favorably.

Gentilini et al. "A new paradigm for the closed-loop intraoperative administration of analgesics in
humans", IEEE Tran Biomed Eng, vol. 49(4), pp. 289-299, 2002, the disclosure of which is
incorporated herein by reference, proposed a model predictive control (MPC) approach for
controlling the plasma concentration of the opiate alfentanil with a computer controlled infusion
p'ump. The pharmacokinetic model was a 3-compartment model describing the distribution of the
opiate in a human. The controller relied upon an observer that estimates plasma concentrations of the
drug based on measurements of mean arterial pressure and a PK model running in parallel. Gentilini
et al. placed constraints on the maximum concentration to prevent overdosing. They also filtered
disturbances in the mean arterial pressure measurements and allowed for the controller to act faster

or slower depending on the state of the patient (that is, hypo vs. hypertensive).

SUMMARY OF THE INVENTION

[0019] The present invention provides generally improved devices, systems and methods

that facilitate the determination/creation of or the adjustment of a patient transfer function, or model
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(or the parameters of a model) of patient response to a pharmaceutical injection. The patient transfe:
function or model can be based, for example, upon information known or measured before the star
‘of the procedure, from a test injection, and/or from feedback during the procedure itself to improve
or optimize pharmaceutical delivery (for example, contrast concentration in one or more regions ol
interest). |

[0020] In one aspect, the present invention provides a method of delivering a contrast
enhancing fluid to a patient using an injector system, including: determining at least one patient
transfer function for the patient based upon data specific to the patient, the at least one patient
transfer function providing a time enhancement output for a given input; determining a desired time
enhancement output; using the at least one patient transfer function to determine an injection
procedure input; and controlling the injector system at least in part on the basis of the determined
injection procedure input. The injection procedure input can determined considering at least one
operational limitation or constraint of the injector system.

[0021] The at least one patient transfer function can, for example, be determined using a
system identification model comprising parameters related to physiological parameters of the patient.
The system identification model is preferably discretizable.

[0022] The method can further include the steps of: developing an initial patient transfer
function using estimates of at least one physiological parameter of the patient; performing an
injection; and revising the patient transfer function based upon at least one time enhancement output
of the injection. At least one patient physiological parameter can be measured from the at least one
time enhancement output. The injection can be a test injection performed prior to a diagnostic
- imaging procedureé or an injection performed during the imaging procedure.

[0023] Time enhancement outputs resulting from the test injection can be measured for at
least two different regiohs of interest. At least one difference between the time enhancement outputs
can, for example, provide a measure of at least one patient physiological parameter. The at least one
patient physiological parameter can be a parameter of the cardiopulmonary system The at least one
patient physiological parameter can, for example, be cardiac output, blood volume in a region, a rate
transfer term or a transit delay. In one embodiment, a first time enhancement output is measured in
the ascending aorta or the descending aorta and a second time enhancement output is measured in the

pulmonary artery trunk.
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[0024] The at least one patient transfer function can also be determined by the steps:
collecting data corresponding to a time response curve resulting from injection of the fluid; and
determining at least one mathematical model describing the data.

[0025] In one embodiment, the mathematical model is not determined by a continuous or a
discrete-time Fourier deconvolution of the data. The model can be a parametric model. The model
can, for example, be a moving average or an autoregressive moving average. The mathematical
- model can assume linearity and time invariance.

[0026] The model can also be a non-parametric model determined by a spectral estimation
technique. The spectral estimation technique can, for example, be Welch’s method, Bartlett’s
method, a multiple signal classification (MUSIC) methoct, or the Periodogram method. Data can be
collected during at least one test injection prior fo an imaging injection.

[0027] The at least one patient transfer functlon of the present invention can be updated with
data collected during the imaging injection.

[0028]  As described above, the at least one patient transfer function can be determined at’
.. least in part on the basis of at least one injection. The at least one injection can be a test injection
performed prior to a diagnostic imaging procedure. In one etnbodiment the test injection comprises
injection of contrast medium followed by injection of a non-contrast fluid. The non-contrast fluid
can be injected at substantlally the same volumetric flow rate as a flow rate of contrast medlum
preceding the injection of non-contrast fluid. The non-contrast fluid can be saline.

[0029]  More than one test injection can be performed. For example, one test injection can
include injection of contrast medium only and another test injection can include injection of contrast
medium followed by injection of a non-contrast fluid.

. [0030]  The injection procedure input of the present invention can be determined using an
analytical solution or using a numerical, constrained optimization technique. In one embodiment,
the numerical, constrained optimization technique is a weighted least-squared numerical
optimization.

[0031] The injection procedure input can, for example, be optimized with respect to one or
more considerations. For example, the injection procedure input can be optimized to minimize the

mass of a contrast enhancing agent in the contrast enhancing fluid delivered to the patient.
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[0032] Examples of contrast enhancing agents suitable for use in connection with the present
invention include, but are not limited to, iodine, xenon and gadolinium. The contrast enhancing fluid
can, for example, be a CT éontra_st enhancing fluid, a MRI contrast enhancing fluid, an ultrasound
enhancing imaging fluid or a radioactive contrast enhancing fluid.

[0033] In one embodiment of the present invention, at least two patient transfer functions are
determined and the injection procedure input is determined on the basis of one of the patient transfer
function. For example, a first patient transfer function can be determined using a system

identification model comprising parameters related to physiological parameters of the patient, and a
second patient transfer function can be determined using a mathematic model determined by
collecting data corresponding to a time enhancement curve fesultin_g from injection, the
math¢matica1 model deséribing the data. A determination can, for example, be made as to which
patient transfer function provides the best correlation between a given input and a resulting output.

[0034] In another aspect, the present invention provides a method of determining at least one
patient physiological parameter from an imaging procedure including: measuring time enhancement
outputs for at least two different regions of interest and determining at least one difference between
the time enhancement outputs to provide a measure of the at least one patient physiological
paraméter. The at least one patient physiological parameter can, for example, be a parameter of the
cardiopulmonary system. The at least one patient physiological pai‘ameter can, fof example, be
cardiac output, blood volume in a region, a rate transfer term or a transit delay. In one embodiment,
a first time enhancement output is measured in the ascending aorta or the descending aorta and a
second time enhancement output is measured in the pulmonary artery trunk.

[0035] In a further aspect, the present invention provides an injector system for the delivery
of a fluid to a patient including: an injector and a controller in communicative connection with the
injector. The controller includes (for example, has stored in a memory in operative connection
therewith) at least one patient transfer function determined for the patient based upon data specific to
the patient. The at least one patient transfer function provides a time enhancement output for a given
input. The controller includes a processor (for example, a digital microprocessor) to determine an
injection procedure input for a desired time enhancement output using the at least one patient transfer

function.
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[0036] The injection procedure input can be determined considering at least one physical
limitation or constraint of the injector. The injection procedure input can, for example, be
determined using an analytical solution or a numerical, constrained optimization technique. The
numerical, constrained optimization technique can, for example, be a weighted least-squared
numerical optirﬁization‘ The injection procedure input can optimized to, for example, minimize the
mass of a contrast enhancing agent in the contrast enhancing fluid delivered to the patient.

[0037]  The contrast enhancing agent can, for example, be iodine, xenon or gadolinium. The
contrast enhancing fluid can, for example, be a CT contrast enhancing fluid, a MRI contrast
enhancing fluid, an ultrasound enhancing imaging fluid or a radioactive contrast enhancing fluid.

~ [0038] In another aspect, the present invention provides. an imaging system including an
imager to create an image of a region of interest of a patient; an injector adapted to inject a contrast
medium; and a controller in operative communication with the injector to control the injector. The
controller includes at least one patient transfer function determined for the patiént based upon data
specific to the patient. The at least one patient transfer function provides a time enhancement output
for a given input. The controller also includes a processor to determine an injection procedure input
for a desired time enhancement output using the at least one patient transfer function as described
above.

'_[003.9] In several embodiments of the present invention, spectral analysis and parameter
estimation of patient response/scan data obtained during short injections of contraét agent are used in
- the development of a control paradigm capable of providing closed loop control of contrast agent
administration. | |

[0040] . In one aspect, the present invention provides a method of modeling propagation of a
pharmaceutical fluid in a patient, including: collecting data corresponding to a time response curve
resulting from injection of the fluid; and determining at least one mathematical model describing the
data. The mathematical model can, for example, be a model which is not determined by a
continuous or a discrete-time Fourier deconvolution of the data.

[0041] The model can be a parametric model such as a moving average model or an
autoregressive moving average model. The model can also be a parametric model including
parameters fit for the measured data. Once can, for example, assume linearity and time invariance in

the mathematical model. The model can also be a non-parametric model determined by a spectral
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estimation technique. Suitable spectral estimation techniques include, but are not limited to,
. Welch’s method, Bartlett’s method, a multiplle signal classification (MUSIC) method, or the
* Periodogram method. ' ' "

[0042] The injected fluid can, for example, beé a contrast medium used in an imaging
procedure and the data collected can correspond to a time enhancement curve resulting from
injection of the contrast medium.

[0043] The collected data for a time response curve or time enhancemeﬁt curve can be
collected during at least one test injection prior to an imaging injection. The model can also be
determined and/or__ updated with data collected during the imaging (or ofher_ procedural) injection. In
one embodiment, a test injection includes injection of contrast medium followed by injection of a
-non-contrast fluid. The non-contrast fluid can, for exémple, be injected at substantially the same
volumetn'ci flow rate as a flow rate of COﬁtrast medium preceding tﬁe i.njection of non-contrast fluid.
The non-contrast fluid can, for example, be saline. More than one test injection can be performed.
In one such embodiment, one test injection includes injection of contrast medium only and another
test injection includes injection of contrast medium followed by injection of a non-contrast fluid.

[0044] In another aspect, the present invention provides a method of controlliﬁg injection of
a pharmaceutical fluid into a patient using an injector in a medical procedure, including: collecting
data corresponding to a patient response curve resulting from injection of the fluid; determining at
least one mathematical model describing the data; and controlling the injector during the medical
procedure to control injection of the fluid into the patient to create patient response at least in part on
the basis of the mathematical model. The mathematical model can, for example, be a model which is
not determined by a continuous or a discrete-time Fourier deconvolution of the data.

[0045] The medical procedure can, for example, be a medical imaging procedure using an
imaging scanner and the collected data can correspond to a time enhancement curve resulting from
injection of the contrast medium. The injector can be controlled to control injection of the contrést
medium into the patient to create an image of a region of interest at least in part on the basis of the
mathematical model.

[0046] The injector can also be controlled at least in part on the basis of information
regarding the patient response during the imaging procedure. Further, the injector can be controlled

at least in part on the basis of information on at least one measured physiological variable of the
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patient. The measured physiological variable can be used to alter the output of the mathematical
model.

[0047] In one embodiment, the step of controlling the injector includes commencing
injection of the contrast medium at one time and commencing an image scan of the region of interest
at a second time determined at least in part on the basis of the mathematical model. The second time
can be determined on the basis of' a prediction of a time of attainment of a predetermined
enhancement level as determined by the mathematical model.

[0048] In another aspect, the present invention prqvides an injection system including: an

injector; and a injector controller in operative communieation with the injector to control the
injector. The injector controller controls injection of a fluid based upon at least one mathematical
model as described above. In that regard, the mathematical model can be determined by collecting
‘data éorresponding to a time enhancement curve resulting from injection of the contrast medium.
.The mathematical model can, for example, be a model that is not determined by a continuous or a
discrete-time Fourier deconvolution of the data. The controller can, for example, include a computer
having at least one processing unit and at least one memory. The memory has stored therein a
computer prograrﬁ to determine fhe mathematical model. '

[0049] In a further aspect, the present invention provides a method of controlling injection of
a contrast medium into a patient u'sing an injector in a‘ medical imaging procedure using an imaging
scanner, including: deterrnining at least one mathematical model to predict a time enhancement
response resulting from injection of the contrast medium; determining an injection protocol to
approximete a predetermined time enhancement response in the patient by determining a constrained
input .sol'ution to the mathematical model; and using the injection protocol to control the injector
during the medical imaging procedure to co_ntrdl injection of the contrast medium into the patient to
create an image of a region of interest.

[0050] The method can further include the step of changing the injection protocol as a result
of feedback regarding the time enhancement response during the imaging procedure. The method
can further include the step of changing the injection protocol as a result of data regarding at least
one patient physiological parameter during the imaging procedure.

[0051] In one embodiment, the step of determining an injection protocol to approximate the

predetermined time enhancement response is accomplished using a numerical solver or a numerical
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optimizer. The constrained input solution to the mathematical model can, for example, be
consfrained by at least one operational limitation of the injector. The constrained input solution to
the mathematical model can also or alternatively be constrained by at least one operational limitation
related to patient safety or comfort.

[0052] The injection of the contrast medium can, for example, be commenced at one time
and an image scan of the region of interest can be commenced at a second time determined at least in
part on the basis of the mathematical model. The second time can, for example, be determined on
" the basis of a prediction of a time of attainment of a predetermined enhancement level as determined
by the mathematical model.

[0053] The at least one mathematical model can be a patient transfer function for the patient
based upon data specific to the patient.i The patient transfer function provides a time enhancement
~ output for a given input. The first patient transfer function can, for example, be determined using a

‘system identification model comprising parameters related to physiological parameters of the patient
_ or using a mathematic identi.ﬁcation model determined by collecting data corresponding to a time
enhancement curve resulting from injection of the patienf, wherein the mathematical identification
model describes the data. - |

In another aspect, the present invention provides a system for effecting a medical procedure
including: a sensing system to detect a patient response; an injector adapted to inject a
pharmaceutical fluid; and a controller in operative communication with the injector to control the
injector. The injector controller controls injection of a fluid based upon at least one mathematical
- model. The mathematical model is determined by collecting data from the sensing system
corresponding to a time response curve resulting from injection of the fluid. The mathematical
model can, for example, be a model which is not determined by a continuous or a discrete-time

Fourier deconvolution of the data.

[0054] In another aspect, the present invention provides an imaging system including: an
imager to create an image of a region of interest of a patient; an injector adapted to inject a contrast
medium; and a controller in operative communication with the injector to control the injector. The
injector controller controls injection of the contrast medium based upon at least one mathematical

model. The mathematical model is determined by collecting data from the imager corresponding to a
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time enhancement curve resulting from injection of the contrast medium. The mathematical model
can, for example, be a model which is not determined by a continuous or a discrete-time Fourier
deconvolution of the data.. _

[0055] In another aspect, the present invention provides a method of controlling injection of
a pharmaceutical fluid into a patient using an injector having a controller in communicative
connection with a computer memory in a medical procedure, including: collecting data
corresponding to a patient response curve resulting from injection of the fluid; choosing at least one
mathematical model from a plurality of mathematical models stored in the computer memory to
describe the data; adapting the model to the collected data; and controlling the injector via the
~ controller during the medical procedure to cbntrol injection of the fluid into the patient to create
patient response at least in part on the basis of the mathematical model.

[0056] In a further aspect, the bresent invention provides a system for creating an image of a
region of interest of a patient including: an imaging device for measuring a property of the patient
over a region of interest; an injecto'r for injecting a pharmaceutical into the patient; at least one
standard (or reference) region that is also measured by the imaging device; and a computation
algorithm that adjusts or corrects measurements of the property over the patient’s region of interest
based upon the measurements in the standard region. A suitable standard region can be outside of the
patient. A suitable standard region can also be a region of the patient.

[0057] In still a further aspect, the present invention provides a method of creating an image
of a region of interest in a patient including: measuring a property of the patient over the region of
interest using an imaging device; injecting a pharmaceutical into a patient, measuring at least one
region of a standard with the imaging device; and correcting or adjusting measurements of the
properiy over the patient’s region of interest based upon the measurements in the standard region.

[0058] Benefits provided by various embodiments of this invention include, but are not
limited to: more consistent enhancement for subsequent image processing, reduced contrast or fluid
loading for some patients, increased contrast dose to achieve sufficient image contrast when needed,
reduced chance of extravasation, reduced image artifacts, reduced number of retakes, all slices
containing optimal image contrast, increased consistency among scans observing a progression of

disease or treatment over time, and optionally faster imaging times.
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BRIEF DESCRIPTION OF THE DRAWINGS

| [0059] Other aspects of the invention and their advantages will be discerned from the following
detailed descrintion when read in connection with the accompanying drawings, in which:

[0060]. Figure la illustrates a typical time-enhancement curve obtained with a single phase
injection profile for a contrast-enhanced CT scan of a blood vessel.

[0061] Figure 1b illustrates a typical time-enhancement curve obtained with a dual phase or
bi-phasic injection profile for a contrast-enhanced CT scan of a blood vessel.

[0062] Figure 2a represents an example patient response to a test injection.

[0063] Figure 2b illustrates an estimated impulse response of the patient/contrast agent
system in the time domain derived by a discrete-time Fourier deconvolution of the seanner output
divided by the contrast input function using data from Fleischmann and Hittmar, supra..

[0064] Figure 2c illustrates a patient impulse response, h(n) from empirical, dynamic CT data
from a region of interest in the descendmg aorta of a human (Flelschmann and Hittmair 1999).

[0065] - Figure 3 illustrates one embodiment of an MPC controller architecture of the present
invention for improving enhancement of CT images with contrast medium injectors.

[0066] Figure 4 sets forth a reduced PK model of X-Ray contrast, as published by Bae,
Heiken et al. 1998.

[0067] Figure 5 illustrates a numerical solution of Equation (2), wherein the dynamics post

125 seconds approximates true recirculation phenomena.

[0068] Figure 6 illustrates a graphical depiction of a physiologic “hybri>d” model describing
the transport of drng through the cardiovascular system and pulmonary capillary-bed diffusion.

[0069] Figure 7.illustrates a redueed-order model based upon the model of Figure 6 in which
Qco represents cardiac oufput.

[0070] Figure 8 illustrates an axial, dynamic CT image at level of the pulmonary artery
wherein two regions of interest (ROI) are encircled from which time enhancement curves are
extracted.

[0071] Figure 9 illustrates dynamic CT, time-enhancement curves, after the administration of

a 20 ml bolus of contrast medium with and without a saline push in a 239 Ib 64 yr old female,
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wherein a first curve illustrates enhancement values in the pulmonary artery trunk, and wherein a
second curve illustrates enhancement values from the ascending aorta.

[0072] Figure 10 illustrates a signal model used to produce numerator and denominator
coefficients in Prony's method.

[0073] Figure 11 illustrates a 64 point Fast Fourier Transform FFT taken of h(n) in Equation
1 (fs=.5 Hz).

[0074] Figure 12 illustrates Welch's method for spectral estimation — using h(n) as input.

- [0075]  Figure 13 illustrates a plot of the mean squared error between heeg(n) and the impulse
response derived from the Steiglitz-McBride estimate (run with 10 iter‘ations) of the system for
increasing order estimates.

[0076]  Figure 14 illustrates a plot of the Steiglitz-McBride estimates of heest(n) for various
orders of the transfer function. |
~ [0077] Figure 15A illﬁstrates a general diagram of the veins of the arm and those leading to
the heart.

[0078] Figure 15B illustrates several variations in arm vein anatomy.

[0079] Figure 16A illustrates relative test enhancement for a first patient in the pulmonary
artery. | |

| [0080] Figures 16B illustrates relative test enhancément for the first patient in the ascending

aorta. |

[0081] Figure 17A illustrates relative test enhancement for a seond patient in the pulmonary
artery. |

[0082] Figures 17B illustrates relative test enhancement for the second patient in the
ascending aorta.

[0083] Figure 18A illustrates an effective injection profile of a test injection without saline
flush for one patient.

[0084] Figure 18B illustrates an effective injection profile of a test injection without saline
flush for a different patient.

[0085] Figure 19A illustrates a flowchart of a generalized method of the present invention.

[0086] Figure 19B illustrates a ﬂpw chart of an embodiment of a fnethod of the present

invention incorporating, for example, the model of Figure 7.
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DETAILED DESCRIPTION OF THE INVENTION

[0087]. Figure 1A illustrates a typical time-enhancement curve obtained with a single phase
contrast-enhanced CT scan of a blood vessel. The units, HU are Houndsfield Units, a measure of X-
ray absorption density that is translated into signal intensity in an image. Figure 1A illustrates a peak
- enhancement at a time of .about 45 seconds. In many imaging procedures, the time-enhancement

. curve is preferably uniform around a specified level (as illustrated by the thick black line in
 Figure 1A). When the curve is not uniform or flat, a less than optimum imége may result in an
erroneous diagnosis in such imaging procedure. As advances in scanning technology enable image
acquisition in less time, uniformity of enhancement over longer time periods may decrease somewhat
in importance, but proper timing of a scan relative to contrast injection and avoidance of too much
contrast or too little contrast remain important.

~ [0088] Figure 1B illustrates a typical time-enhancement curve obtained with a dual phase or
bi-phasic contrast-enhanced CT scan of a blood vessel. The enhancement curvature is somewhat
flatter or more uniform. However, the amount of flatness can vary from patient ‘to patient and thus
still produce a less than optimum image. |

[0089] Figure 2A illustrates a typical patient response to a test injection. Figures 2B and 2C
illustrate a typical pétient impulse response. Figure 2B is the respoﬁse in the time domain and Figure
2C is h(n), in the frequency domain as published in D. Fleischmann and K. Hittmair, supra. The
patient impulse responses are derived from the patient’s response to a test injection, for example
fhrough Fourier deconvolution in the frequency domain or in the time domain. In the injection plot
of Figure 2C, data were captured every 2 seconds with a CT scanner.

[0090] In one embodiment of thé present invention, a model predictive control (MPC)
controller architecture for contrast enhancement is set forth. In the embodiment illustrated in
Figure 3, the control process uses an enhancement curve generated from a test injection to, for
example, estimate the parameters of a multi-pole/zero model of the patient system if assuming an
LTI system, or deriving an appropriate kernel function if one relaxes the time-invariant assumptions.
One can also readily relax the linearity assumption. An analogous example of a time-varying system

is an electrical circuit with resistors and capacitors whose values vary with respect to time and
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potentially other independent variables. Typically, circuit analysis considers the resistance and
capacitors to be fixed at a single value regardless of time.

[0091] The parameters identified in the test injection step can then be used by a PK/PD
(pharmo-dynamic) model used to update the controller during the full injection step with the target
.end-points being, for example, a predeﬁned, uniform enhancement value. As illustrated in Figure 3,
~ the controller can also accommodate feedback signals from the scanner (ie: enhancement values
(EV)). or estimated parameters from an observer (ie: heart rate (HR), blood pressure (BP), respiration
rate & depth, patient weight) that can assist in reducing controller error. Feedback from a scanner to
. control an injector is .described, for example, in US Patent No. 6,397,098, assigned to the assignee
of the present invention, the disclosure of which is incbrporated herein by reference. A Model
Predictive Control algorithm can, for exaﬁlple, be implemented that adjusts the input trajectory of the
contrast administration based upon instantaneoﬁs e.nhanc‘e_ment data from the scanner gathered at one
time step. If the actual enhancement value differs from that prevdicted by the model generated in the
identification step (for example, in the least squares sense) then the control algorithm can adjust in
the input flow rate i‘n an attempt to bring the instantaneous énhancement value at a subsequent time
step closer to that predicted by the model. One can derive a higher fidelity model of the contrast
propagation with knowledge of the patient's heart rate acquired from a heart rate monitor (ECG),
pulse oximeter, or blood pressure monitor.

[0092] In one embodiment of Figure 3, the model of the present invention generates an
estimate of a patient transfer function, H(z) via pole-zero modeling (ARMA techniques) and
‘performs a constrained numerical optimization to determine an input signal (that is, an injection
protocol) that will generate the desired output response (for example, a flat enhancement scan - see
Figure 1). Altemafively, one can use a pole-placement algorithm, given an estimate of H(z), to better
control the output response. |

[0093] -The structure of the patient transfer function can be determined by analyzing patient
impulse responses, h(n), gathered during clinical investigations. There are apparently no published
analyses of the underlying spectral content of the patient transfer functions. An ARMA modeling
technique can, for example, be used to generate the coefficients for a rational transfer function of the

form:
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[0094] In several embodiments, the present invention provides a paradigm for administering
iodinated contrast medium that allows for the tailoring of contrast protocols to an individual patient
and to a region of interest to be scanned. Avenues for determining the patient transfer function
between the’ administration site of the contrast and the enhancement territory of interest include
model dependent approaches and model independent approaches. Both approaches or schemes are a
form of system identification, wherein the system includes the drug and patient (cofactors including,
for example, the scan settings, the territory or region of interest, and the pathophysiology). The
outcome of both approaches results in an estimate of the contrast media’s dynamics. Knowledge of
the system’s dynamics cén, for example, be used in an optimization step to determining injection
protocols for maximizing the signal to noise ratio (SNR), while minimizing iodine load/dose to the
patient (given the constraints of the injection system, which include, for example, positive ﬂow.rates,

~maximum flow rate given the viscosity -of the contrast and gauge of the attached catheter, and

volume of contrast media).
A. A Priori Model-Dependent Identification

[0095] Bae et al. devised a reduced order, or hybrid, PK model of contrast media
' pfopagation. Bae, K. T, J. P. Heiken, et al. (1998). "Aortic and hepatic contrast medium
enhancemént at CT. Part I. Prediction with a computer model." Rédiology 207(3): 647-55 and Bae,
K. T., H. Q. Tran, et al. (2000). "Multiphasic injection method for uniform prolonged vascular
enhancement at CT angiography: pharmacokinetic analysis and experimental porcine model."
Radiology 216(3): 872-80, the disclosures of which are incorporated herein by reference. The
modeling approach in that work recognized that the full body physiologic pharmacokinetic model
taught in Bae, Heiken et al, 1998 supra, was too large and included too may unknowns to feasibily
compute on a per patient basis. Bae and colleagues, therefore, approximated large parts of the

anatomy with single compartments and, because first-pass enhancement dynamics are of interest,
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removed the capillary transfer compartments. The resulting, reduced-order model is illustrated in
Figure 4. In Figure 4, V ére the fluid volumes of the respective “compartments”, C are the predicted
concentrations in each “compartment”, and Q are the volumetric flow rates of blood throughout the
body. Q and V are estimated from anatomical data.

10096]  The ﬁrst-order, coupled differential equation system describing this model is

- - formulated assuming a continuous time process.

n 00 c0-000

r, %O _g c.0+0,c,0- 0.0
dC D _gc, -0,
"C (‘)—Q,,c,,(t) 0.c, ©
dCd(’)—QLc ©-0,C,0)

Equation (2)
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[0096] When converting the differential equation system into a state-space form, the rank of
resulting state matrix (A) (see Equation (3)) is less than the ordér of the system. This rank deficiency
manifests itself as a singularity when attempting to invert the matrix. This singularity is problematic
if one wishes to produce a transfer function of the system (see Equation 4) to use (after discretizing)
in parameter estimation, pole-placement, or control. The system must be discretized because the CT

measurements are an intrinsic sampling process and the resulting signal enhancement curves reflect

discrete time processes.

Qv 0 0 0
Vv
9rv -0k 0 0 Qs
Vr Vv Vr
,-4’ = 0 & —QP 0
Ve Ve
0 0o 9 O
, Vi Vi
0 0 0 & ﬁ
Vs‘ Vs
_C_C_
Ve
oo | & _
B = 0 C=[0 0 0 1 O]D:[O]
[ 0 ]

Equation (3)

G(s)=C(sI- A)B+D
Equation (4) |

[0097] Another problem with the reduced-order Bae model is that it doesn’t capture the
recirculation dynamics with a high degree of fidelity. Even though for CT angiography (CTA)
applications we are interested in first pass dynamics, it would be useful to capture the recirculation
peaks of contrast media resulting from recirculation through the systemic circulation and the

myocardium. Comparison of the output of the Bae system with empirical data, as evidenced by the
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difference between Figure 5 and Figure 2C, shows a difference in the system time constant and the
recirculation dynamics.

[0098] To overcome the mathematical difficulties intrinsic to the Bae modeling approach, a
model adapted from that that published by Wada and Ward was developed in the present invention.
See Wada, D. R. and D. S. Ward (1994). "The hybrid model: a new pharmacokinetic model for
computer—controlied infusion pumps." IEEE Trans Biomed Eng 41(2): 134-42, the disclosure of
which is incorporated heréin by reference. The modél of Wada and Ward was developed to describe
and control or alfentanil (a strong analgesic) propagation within a patient (see Figure 6). The Wada
and Ward model allows for transformation into the discrete-time domain. That approach models
delays in the drug dynamics (for example, propagation time of contrast through the pulmonary
vasculature) by incorporation of expliéit transport delays; as opposed to methodology of Bae et al. in
iwhich phase-lag is introduced by adding additional compartments. Each compartment in the model
- of Figure 6 is ‘formulated by applying' a mass balance on the input and output of the compartment.
Exogenous agent is introduced into the system via the infusion input. The mass flux of the infusion
is added into the right heart compartment. Thé general mass balance equations for a compartmént are
given as: ' '

o o)

= | Eou

Xp = "( .V‘.m - BT]XB +kpxr +0,Ci
B .

T

o c |
Xp =kgrxp —(7+km)xr

Equation (5)

Wheré the subscript B refers to the blood compartment and T refers to the tissue compartment of a 2
compartment, organ model. For single compartments, like blood vessels and heart chambers,
Equation (5) reduces to one equation because the rate transfer terms, k73 and kzr are equal to zero.
The £ terms (or rate transfer terms or coefficients) describe the diffusion of the species across
capillary membranes. The CI term describes a clearance of the species from the compartment. In the
case of X-Ray contrast that is excreted by glomerular filtration in the kidneys, the CI term is

associated with a compartment modeling the kidneys. Q, and Q... describe the volumetric flow rate
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of blood into and out of the compartment, and C; is the variable for the concentration of the species
in the compartment of interest. This variable is of primary interest because the concentration of the

contrast media is linearly related to the contrast enhancement in the vessel or organ.

[0099] In one embodiment, the algorithmic structure of the present invention assumes the
blood volumes and cardiac output of the compartments in Figure 6 can be approximated via, for
example, look-up tables relating BMI, sex, and age to central blood volume and cardiac output. It is
difficult to estimate a priori the k parameters describing the diffusion of the contrast out of the
~ intravascular compartment. When. attempting to describe contrast pfopagation for CTA imaging
applications, we are primarily concerned With the “first pass” dynamics of the contrast media, the
pulmonary system rate transition constants are those of most interest. In Figure 6, therefore, the only
2-compartment element is that for the pulmonary circulation. One can, for example, start with
estimates of these parameters based on published data, cbmputer éimulations, and/or population
kinetic data. The intent of the algorithm is to derive an estimate of the pulmonary diffusion
parameters via fitting of an empirical enhancement curve for the individual to the model. The fit of

 the k parameters may be done using a Simplex technique, such as Nelder-Mead algorithm, or system
identiﬁcatién techniques (such as the Steiglitz-McBride approach). Once the identification phasé is
completed, an iterative, nﬁmerical optimization process can, for example, be used determine an input
protocol (given the constraints of the injection system - for example, no negative flow rates, a
maximﬁm flow rate of, for example, 6 ml/s etc.) that will maximize the SNR of the image while
minimizing the iodine load to the patient.

| [00100] A simplification of the model in Figure 6 combines the non-cardiopulmonary circuit
components into'a systémic blood block. This simplification is warranted when considering the first
pass dynamics of contrast media for CTA applications, because the scan acquisition occurs during
the seconds post contrast administration.

[00101] Figure 7 illustrates a graphical depiction of an embodiment of an embodiment of a
reduced-order model of the present invention. The mass transfer relationship for each of the
compartments is described by Equation (5). In Figure 7, Qco represents cardiac outbut. The model
in Figure 7 can be be used to describe the propagation of contrast within an individual patient.
Assuming one knows the height, weight and sex of the patient, one can estimate the total, central

blood volume (CBV) by:
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_ Male

o o -
CBV =(33.164- height'm -weight‘425 )-1229
Female :

CBV = (34.85- height™ - weight ) — 1954
Equation (6) -

~Guytan, A.C., “Circulatory Physiology-: cardiac output and regulation”, Saunders, Philadelphia, p173
~ ISBN:07216436004. In Equation (6), height is in inches and weight is in pounds. One can also
estimate the cardiac oufput using similar formulas, but that need not be done assuming that one can
“test” the system with a small bolus of contrast medium. Static estimates of global circulatory
pafameters are, by nature, not likely to describe to a high order of fidelity the actual flow properties

of a patient undergoing examination (for example, because of pathophysiology).

[00102] Because of the variability inherent in per-patient estimates, features of the test bolus
enhancement can be used to better estimate the blood volume and cardiac output of the patient in the
model of Figure 7. Thisi methodology reduces the number of unknown variables that are arrived at -
via parameter estimation. Mahnken et al. cdmputed cardiac output estimates from individuals
undergoing' MDCT examination by analysis of the enhancémeht curves generated from small, teét
bolus administrations of contrast media. Mahnken, A. H., D. Henzler, et al. (2004). "Determination
of cardiac output with muitislice sp.iral computed tomography:, a validation study." Invest Radiol
39(8): 451-4 and Mahnken, A. H., E. Klotz, et al. (2003). "Measurement of cardiaé output from a
test-bolus injection in multislice computed tomography." Eur Radiol 13(11): 2498-504, the
discllqsures of which are incorporated herein by reference. The appfoach taken by Mahnken et al.
was earlier suggested by Garret and others. Garrett, J. S., P. Lanzer, et al. (1985). "Measurement of
cardiac output by cine computed tomography." Am J Cardiol 56(10): 657-61, the disclosure of which
is incorporated herein by reference. 'When an indicator is introduced to the circulatory system, the
Stewart-Hamilton relationship states that the volumetric blood flow of the flow circuit is computed

as.
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MI

ajc(t)dt

Oco =

Equation (7)

where M; is the total mass of indicator (or ﬁacer) injected to the circuit and c(t) is the measure of the
" i.ndicator'.‘s‘ concentration. For X-Ray contrast media, the values are the total mass of iodine injected
to the patient and the concentration of contrast medium in mgl/ml units. Because of the known -
linear relationship between Hounsfield Units (CT attenuation number) and blood .concentrati'on of
contrast medium (~ 25 HU/(1 mgl/ml) (see, for example, Bae, Heiken et al (1998) supra and
Mahnken, Klotz et ai. (2003) supra), 6ne can integrate the time attenuation curve from the CT

~ scanner to arrive at the term in the denominator of Equation (7):

[00103] Blomley, M.J.K. and Dawson, P., “Bolus Dynamics: Theoretical and Experimental
Aspects,” The Brit. J. of Radiology, 70 (1997), pp 351-359. present a geometric argument that
allows one to estimate the blood volume from the injection site to the measurement site using the

following relationship:

PeakEnh[HU] = — 1455 1mg]
: BloodVolume[ml]
Equation (8)

where, again, Mass; or M; is the masé of iodine injected to the patient. PeakEnh is the peak value of
intensity (arbitrary units, but for CT studies it is in-HU) and BloodVolume is the volume of blood
‘ between fhe injection site and the recofding site. To keep the units correct, one mtlxst convert the HU
units to mgl/ml by dividing the PeakEnh by the scaling factor 25 [HU/(mgl/ml)]. Computation of
Equation (8) allows one to eétimate the blood volume in the cardiopulmonary circuit in Figure 7.
The difference between Equation (6) and Equation (8) gives the value of blood in the systemic
circulation compartment. The blood volumes in the cardiopulmonary circuit (heart, lungs and

peripheral injection compartment) are scaled based on anatomical data or estimated as below.

[00104] Differing from Fleischmann and Hittmair's approach of using a time enhancement
curve recorded from one ROI placed over the descending aorta in axial, dynamic CT scans, in

several embodiments of the present invention time enhancement curves are produced from the
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descending aorta and the pulmonary arteries. The two curves can be used to produce an estimate of
the transit time through the pulmonary circﬁlation. and/or other cardiopulmonary parameters.
Moreover, the issues associated with peripheral injecﬁon of contrast medium (such as backflow into
side branch veins and other issues discussed below) will not affect the computation of the subsequent
parameter estimation. |

- [00105] Figure 8 illustrates a fypical axial CT image at a level that is scanned sequentially'to
.generate the time enhancement curves in Figure 9. In that regard; Figure 9 illustrates dynamic CT,.
time-enhancement curves, after the administration of a 20 ml bolus of contrast medium with and
‘without a saline push in a 239 Ib 64 yr old female. A first curve in Figure 9 illustrates enhancement
values in the pulmonary artery trunk, and a second curve illustrates enhancement values from the
ascending aorta. The pulmonary aﬁery trunk enhancement is approximately that in the. right
ventricle (in that regard, contrast isn't much diluted from the RV to the PA). Because’ the contrast
medium .recirculates, the signals in Figure 9 do not return to baseline, but rather are offset by an
amount proportional to the residual contrast media in the blood stream. The recirculated contrast
‘medium- can result in overestimation of the cardiac output and blood volume estimates in
Equation (8). To account. for the recirculating contrast, one can fit the contrast enhancement curves
from the test bolus to gamma functions of the form: -

C()=k(t-t)e ° -
Equation (9)

where k, a and b are fit parameters. The fit can be done by a least squares technique. The resulting
functions can then be used to derive parameter estimates of the cardiopulmonary system. The
parameters to estimate are the transfer coefficients kgr and ka, VRrH, VLH,VLung, and the transit
delay T. These parameters can be lumped in a vector, O (6=[kpr ktB, VrH, Vi#,VLung T]). The
measured enhancement profiles at the ROIs are ypa(n) and ypa(n). The ehancement at ypa(n) is a
function of the enhancement in the pulmonary artery (ypa(n)) and the parameter vector, © - ypa(®
,yea(n),n). The goal of the parameter estimation is to produce an estimate of 6 that optimally
describes the patient data. Because there are many sources of variation and noise in the parameter

estimates, it is reasonable to assume that the estimation errors will be Gaussian. Therefore, the
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Maximum Likelihood Estimation (MLE) can be used to derive parameter estimates with a cost
function:
1

V =
202

S (VR ) = a0, Y (B)o))?

Equation (10)

A

where 0 is the estimated parameter vector. The best estimates of the parameter vector are defined as
p : N mea. p
0= argn",mz:;-=l (Vi (1) = 54(6, ypu(m), )’
[

Equation (11)

The variance of the parameter estimation vector is:

cov(@)=F"
Equation (12)

where F is the Fisher information matrix having eigen values that are proportional to the axes of V |

and that reflect the underlying uncertainty of the parameter estimates.

[00106] The niinimization in Equation (11) can be done by the Levenbefg’-Marquardt
algorithm or other numerical, optimization technique. The resulting parameter estimates are then
used in generating predictive enhanceme_nfs in the model of Figure .7. To determine input functions
that minimize the contrast medium while maximizing signal enhancement (while considering the
constraints of the injection system), numerical, constfained optimization is done to determine the

optimum‘_contrast injection in Figure 5.

B. Model-Independent Identification

[00107] In general, model independent algorithms are primarily data driven and do not
require an a priori, parametric model of the system as set forth above. Model-independent

identification using non-parametric spectral estimators and parametric modeling are described below.
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Non-Parametric Spectral Estimators

[00108] Figures 10 and 11 display the results of applying direqt Fourier analysis (via a 64
order Fast Fourier Transform (FFT)) and Welch's Periodogram, respectively, to the patient impulse
response function, hes(n). The periodogram of Figure 10, in which rectangular window was used,
reveals that there is a pole close to DC. Also, there appear to be dominant poles at .22, .16, .12, and
.03 Hz. In Figure 10, the actual data vector had only 45 points. Both signals displayed were zero-
padded — one to 64 points, the other to 128 points. There was no apparent improvefnent of resolution
with a zero-pédding of 128. As described above, thére are 4 “poles” evident in the plot. Thé large DC
component may be obscuring another pble close to 0 Hz. It is unclear whether the bump around .075
Hz is a pole. The temporal time-delay of the signal's primary peak is an important piece of
physiologic information — a reason to model .the zeros of the model. |

[00109] Because the Welch Periodogram tends to have better resolution, has better variance
properties, and has generally better spectral leakage characteristics than the periodogram, various
Welch periodogram estimatofs ‘were made to determine if a peak was present around .075 Hz, and to
i.mprove the resolution ("peakiness") of the other.poles. Thre_e results are illustrated in Figure 11 as
follows: (i) Bartlett's window (length =64) of the data vector with 50% overlap; (ii) a Hanning
window (length = 64) with 50% overlap; and (iii) a rectangular window (length = 64) with 50%
overlap. It is apparent that the Bartlett and Haming windowed estimators reveal more defail. This is
not surprising because these windows reduce spectral leakage that can confound true information
hidden in the signal. An FFT of order 256 was used for the spectra of Figure 11 to generate more
data pointé and smoother estimates. It was found that FFTs of order greater than 256 did not improve
the resolution meaningfuliy. N |

[00110] The Welch periodogram with a Bartlett window and 50% overlap illustrated in
Figure 11 reveals a pole near .075 Hz (and a smaller peak to the left of it). There are seven
discernible poles in this estimate. The Bartlett window provides sufficient resolution and does not
appear to attenuate the smaller poles (as compared to the Welch estimator with. the Hanning
window). It is apparent that the Welch method reveals more spectral structure of the underlying

process.
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Parametric Modeling

'[00111] A method of estimating an appropriate, data based rational model is useful in
understanding the appropriate assumptions to make regarding pharmacokinetics and
pharmacodynamics. Moréover, an ARMA model can be useful in constructing control paradigms for
the optimal delivery of contrast agent. Figures 10 and 11 display peaks and troughs, indicating that a
more accurate model of the signal might include poles and zeros.

[00112] | Prony's method is an approach to estimating ARMA model coefficients of finite data
" records. See M. Hayes, Statistical Digital Signal Processing and Modeling. New York, New York:
Wiley and Sons, 1996 , pp. .154’—177, the disclosure of which is incofporéted herein by reference.
~ Prony's method assumies that the signal one wishes to- model is an approximate impulse response of
the system — depicted graphically in Figure 12. See J.H. McClellan, "Parametric Signal Modeling,"
Chapter 1 in Advanced Topics in Signal Processing,Pentice-Hall, Englewood Ciiffs, NJ, 1988, the
disclosure of which is incorporated herein by reference. The algorithm iteratively sdllves for the best
numerator and denominator coefficients, a, | and. b; in equation (14). (using- chin‘son—Durbin
recursion) that minimizes in a least squares sense, the output of the neWiy generated model with

respect the input signal (the impulse response estimate), in equation (13).

$is = Z’e'(”)lz '
n=0 - .
Equation (13)
Ol1s
a, (k)

0¢1s
b, (k)

Equation (14)

[00113] Another approach to pole-zero modeling of unknown systems is the Steigliti—
McBride method, also known as iterative prefiltering. An initial guess of the denominator
coefficients in equation (1) is made using Prony's method. A least-squares minimization between the
signal of interest and the previously estimated model of the signal is then performed and repeated
iteratively for a number of iteration (as the error approaches zero). Whereas no general convergence
property has been discovered for the Steiglitz-McBride method, the technique has been noted to

converge within 10 iterations. See, for example, J.H. McClellan, "Parametric Signal Modeling,"
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Chapter 1 in Advanced Topics in Signal Processing, Pentice-Hall, Englewood Cliffs, NJ, 1988.
Additional detail of the Steiglitz-McBride method can be found in Hayes, Statistical Digital S’ignaZ
Processing and Modeling. New York, New York: Wiley and Sons, 1996 , pp. 154-177, the
disclosure of which is incorporated herein by reference.
| [00114] Figure 13-illustrates a plot of the Steiglitz-McBride's method (run with 10 iterations)
spectral model estimate for various orders compared with the original signal. The Mean Sciuared
Error (MSE) between the two signals drops below 25 for order 10 and higher, indicating that ARMA
models with 10 or more terms in equation (6) represents the underlying dynamics sufficiently.
Figure 14 depicts the time series fof varying order Steiglitz-McBride estimates of hyg(n) compared
to the impulse Aresponse data of Figure 2c. It is apparent from the above results that the dynamics of
a bolus of iodinated contrast medium may be'described by spectral analysis techniques and modeled
with'ARMA signal modeling methods. | |

[00115] Once again, one or more physiological models as described ébove (or, for example,
any‘ of the ones proposed by Bae et al.', or PHYSBE (a classic model of the human circulatory system
available from The MathWorks, Inc. of Natick, Massac}{usetts and discussed, for example, on the
internet at www.mathworks.com/pfoducts/demos/simulink/physbe in connection with the
SIMULINK product available from The Mathworks, Iric.) can be a mathematical model employed in
this invention. For ekample, one or more known externai patient variables (for example height,
Weight, or blood pressure) can be entered into the model before the study is started to provide an
initial estimate of the patient impulse response and thence the response to the imaging injection.
Such an initial estimate can, for example, be used to identify or improve the structure for a
parametric fnode] or non-parametric model used to describe a response curve prior to performing a
test injection. 4 ‘ |

[001’16] In another embodiment, segments -of the fluid path or the patient vasculature, for
example the arm veins, can be modeled with MATLAB® available from The .MathWorks, Inc.,
ASYS, available from ANSYS, Inc. of Canonsburg, Pennsylvania, r ALGOR, available from
ALGOR, Inc. of Pittsburgh, Pennsylvania, or other applicable program.

[00117] Optionally the patient may be given a tesf injection and the measured response to the _
test injection is used to derive a measured patient impulse response. Physiological models can then

be adjusted so that the predicted patient impulse response more closely matches the measured one.
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This methodology provides added confidence that customized imaging injection will produce the
desired enhancement level co'urée over time. Providing known external variables helps constrain the
adjustments of the model to the patient, thus improving the fit of the model.

[00118] The improvement from the test injection information in the patient impulse estimation
‘determined by the models of the present invention may be sufficient such that no further model
modification is needed during the imaging injeétion, and the imaging injéction proceéds -as
calculated from the beginning to the end of the injection. Or, in addition to the test injection
modification, or in placé of the test injection, during the imaging injection, the measured
enhancement data from one or more regions of interest ahd/or other patient data such as for example
heart rate, may be used to niodify the model’s predictio.n during the imaging injection. This .
i_nodiﬁcatiOn can thence be used to determine a change in imaging injection protocols/parameters
while the injection is being given, to better achieve the desired enhancement course over time in one
or more régions of intereét. ‘ |

[00119] Patient parzimeters such as heart rate or respiration rate can change during a scanning
procedﬁre, for example, as a result of an increase in patient anxiety or discomfort. Retrieving heart
rate or other information from the scanner or from an independent monitor and using such
information to scale the injection can thus be advantageous .

[00120] In some medical procedures it is desirable to have different levels of enhancement in
two or more regions of the body. An cxample is coronary artery visualization where is de31rable to
have high contrast in the coronary arteries. and at the same time moderate contrast in the right heart
(and to whatever extent possible in the left heart) so that both wall motion and artery lumen diameter
can be visualized in one scan without artifacts from concentrated contrast streaming into the right
heart. Furthermore, in liver scanning for cancer metastases, it can be desirable that the blood levél
of contrast be steadily increased, rather than constant at some level, so that tumors that are hyper
vascular or hypo can be seen as having enhanced or reduced contraét levels compared to normal
lever tissue. The desired slope can be selected depending upon the type of cancer anticipated. In
addition, for some liver imaging studies, it is desirable that the arterial blood levels of contrast be
reduced during the later portal hepatic phase. This result is currently achieved by having a short
ifnaging injection. However, because of patient differences, both contrast enhancement levels and

timing of contrast arrival are not well controlled and can produce less than optimum images.
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[00121] To achieve desired constant or time varying enhancement levels in multiple regions of
| interest, various analytical methods can be used if there is sufficient separation in time. However, if
the ‘desired enhancement levels over constrain the system, analytical approaches such as Fourier
transforms or those mentioned elsewhere herein can run into difficulty. In such cases it can be
desirable to use an optimizer or solver as known in the mathematical and computer arts. An example
is to look at the mean squared error of the predicted enhancement from the desired enhancements
over selected périods of time. This method has the benefit that the enhancement levels .ne,ed to be
'déﬁned only during the time of imaging, whereas some analytical approaches require that the
enhancement level be defined for the entire study time, including rise and fall times.

[00122] An example of a solver that can be used is the Generalized Reduced Gradient (GRG2) -
nonlinear optimization code developed by Leon Lasdon, University of Texas at Austin, and Allan -.
Waren, Cleveland State University. It is available in both Microsoft Excel and in MATLAB. It can
be programmed or purchased for other languages as well. |

[00123] A solver can also be provided with other constraints such as for example, a minimum

flow rate, a maximum flow rate, a finite number of flow rate inflection points, a finite number of
steady flow rates, or a maximum rate of change of flow rate. The constraints can be derived from
ihjector opérational limitati'ons‘, patient safety limitation, or other pfactical or convenient limitations.
It then determines the injection proﬁle that best meets the desired contrast levels within thé other
consfraints; A solver is especialiy suited for use with deconvolution and convolution épp_roaches in
the time dorﬁain. It can be lised for instance to find the patient impulse response from the test
injection and then'tb find the optimum injection profile using that patient impulse response and the
desired enhancement level.

[00124] The devices, methods, and systems described herein are readily realized in a
computer.. Data input into the models of the devices, methods, and systems of the present invention
can come for example from a human operator, from a hospital information system, from a scanner or
imaging device, from an injector, and/or from one or more monitoring devices. Data optionally is
provided (i) before the test injection, (ii) during and/or after the test injection, and/or (iii) during
and/or after the imaging injection. Data can be automatically provided to the computer or entered by
the human operator. Examples of outputs include timing and operating parameters for the imaging

device or scanner and for the contrast injector. These outputs can optionally be automatically
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communicated among the respective devices, automatically communicated and confirmed or
modified by the human operator, or read, cdnﬁrmed or modiﬁed‘,, and transferred by the human
operator for entry into the appropriate devices. The automatic communications path can involve any
of a number of custom or industry standard communications protocols. The manual path can include
. printing the injection or scanner parameters or protocol for aécuracy and/or for record keeping.
Co,mmunica_tion-between injectors, scanners and/or other equipment is vdiscussed, for example, in
U.S. Patent Nos. 6,397,098, assigned to the assignee of the present invention, the disclosure of which.
is incorporated herein by reference. An example of a protocol suitable for use in the present
invention is the Controller Automation Network (CAN) protocol described for exampie in ISO
11898. The imaging system of the imaging device (scanner) and injector can also communicate
through the operator. In that regard, the imaging device can, for example, build the model and
output the injection profile on a display device. The operator can then input the injectibn profile into
“the injector. _ | _ '
[00125] The algorithms and models of the devices, systems and methods of the present
invention can, for example, be embodied in one or more computer programs implemented with one -
or more computers. Examples computer languages or environments suitable for use in the present
invention include, but aré not limited to, Excel, Visual BaSic, Matlab, C_++; and ACSL made by The
Aegis Techvn‘ol'ogies Group of Huntsville, Alabama. A computer implementing a Vprogram of the
present invention can, for example, be a part of the imaging device, part of the injector, or an
additio_nal element in the imaging system. Alternatively, the operations can be distributed among
computers associated with two or more devices.

- [00126] Figure 15A illustrates a general diagram of the veins of the arm and veins leading to
_the heart. Figure 15B illustrates several variations in arm vein anatomy. It is apparent that fluid
injected below the bifurcation can take more than one path to the heart. These paths can have very
different lengths and resistances, resulting in different transit times. Figures 16A and 17A show
pulmonary artery (PA) enhancement for two different patients after a test injection of 20ml at 4.5ml/s
followed by at least 60ml of saline also at 4.5ml/s. The enhancement curve for Patient 1 in
.Figure 16A shows a singie peak, indicating that the contrast took a single path or multiple paths with
similar travel times. The enhancement curve for Patient 2 in Figure 17A shows two distinguishable

peaks, as a result of contrast taking paths with different transit times. To account for this, an
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embodiment of a compartment model (as illustrated, for example, in Figure 7) can include two
parallel chambers with different’ volumes and different flow rates to allow for more éccurate
modeling of the curve of Figure 17A. Figures 16B and 17B show ascending aorta (AA)
enhancement curves for the same two patients. The dual peak for Patient 2 has been smoothed out
by transit through the lungs. Thus if only AA measurements were taken, the ability to correctly
modél the arm flow would have béen lost.

_ [00127]’ As described above, a number of the devices, systems, and/or methods described
herein use a test injection to ascertain information about the patient’s response to injection of a drug.
For many models, a tést injection can have any arbitrary profile, provided' that fhat profile is known.
For some drugs, the flow rates and volumes are low enough that the test injection does not peﬁurb or
modify the flow rate of blood in the vein. This means that the drug is quickly slowed down to the
blood flow rate aﬁd is carried to the central vasculature at the speed of the‘ bfood flow. With X-ray
contrast for imaging, the flow rates and volumes are often high enough, several milliliters per
second, that significant perturbation does occur. In this case, once the injeétion of contrast is slowed
or stopped, the contrast still traveling through the peripheral vasculature dissipates its momentum
and slows down, because it is then only being pushed by the blood and the reduced contrast flow, if

~any. To overcome this, the test injection of contrast can be at a constant flow rate and be followed
,by several seconds of 'ihje_ctipn of a non-contrast enhancing fluid, for example saline, af the same
flow rate to drive the lcontrast from the peripheral vasculature. Figure 18A and 18B show examplés
for two patients of the reduction in flow and total effective volume that occurs without the inclusion
‘of a flushing fluid. The Injection Programmed flow is essentially what is achieved with the saline
flush because all the coﬂtrast is pushed from the peripheral vasculature by the saline flush. For
patient A, for the injection without the saline flush, the effective volume reaching the central
vasculature was only 13.5ml out of the injected 17ml. Also, the injection started trailing off after
only 3 seconds and dragged on until 13 seconds. For patient B, for the injection without the saline
flush, the effective volume was 15ml out of 17, but it never reached the actual flow rate. Thus an
optimum test bolus can be defined as one with constant volumetric flow rate, wherein the
concentration of the drug or active ingredient changes as programmed (for example a square pulse, a
Gaussian shaped, or an arbitrary waveform) including several seconds of flow after the concentration

of the active ingredient is zero.
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[00128] In some instances it may be useful to do two or more test injections, one without a
flushing fluid and one with a flushing fluid. Use of more than one test injection gives indication
about extremity venous drainage that could be informative in determining the optimum imaging
injection parameters.

[00129] Some patients have injection capable central venous catheters  or PICC lines
(peripherally inserted central catheter) so that the contrast does not have to flow through the
bfanching extremity vasculature. This simplifies to some extent the modeling and should speed up
corﬁr_ast delivery in some instances. In these cases, the catheter can be explicitly modeled sirice its
behavior is known. All embodiments ‘of the present invention are suitable to operate with various
injection 'sites, and some can accommodate test injections at one site and then i_fnaging injections
from a different site. | »

[00130] During the imaging injection, the rate of flow of contrast molecules (milligrams/S)
can be affected three ways. First, the volumetric flow rate (ml/S) of a constant concentration contrast
can be varied. Second, the concentratibn of the active ingredients (number of contrast moleéules,__
mg/ml) in the c_ontraét can be changed while the volumetric flow rate in milliliters per second is kept
constant. Third, both volumetric flow rate and concentration can be changed. The first option is
achievable by a simple injection system just using a single fluid. ' This has the difficulty mentioned
abové that the flow of contrast already in the patient’s arm‘ may be reduced or Vincreased as the
incoming contrast flow is reduced or increased. Dilution of contrast at a constant flow is preferable
‘to change in flow rate or velocities because it maintains the “driven flow” that has been or is being
captured in the model or algorithm. This performance is possible with the drug injector of, for

_example, U.S. Patent Nos. 5,840,026, 6,385,483 and 5,494,036, the disclosures of which are
incorporated herein by reference. The STELLANT® injector, available from Medrad, Inc. of
Pittsburgh, PA can, for example, be used to achieve high pressure high flow rates of both saline and

~contrast. The third option can be preferable in practice because it allows high flow rates, for
example 6 to 10 ml/S, above the common 3-5 ml/S when needed. The third option also allows flow
rate reduction down to the more moderate and somewhat safer flow rates. However, if the contrast
flow needs to go below a lower limit, for example 3 ml/S, this result can be achieved via dilution to

maintain the consistent driving of contrast out of the peripheral venous circulation.
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[00131] By having an initially high flow rate reduced over time, the chance of an unnoticed
extravasation is reduced. A nurse can, for example, palpate the injection site during the first few
seconds. If an extravasation does not occur with the high initial flow, it is not likely to occur at
lower flow rates. ‘Altematively, any extfavasation detector is more sensitive to the faster signal rise
from an extravasation at high flows and so is more likely to stop the .injection should an
extravasation occur. | |

[00132] An additional embodiment may utilize a concentric catheter including an inner or
central lumen and an outer lumen such as that disclosed in connection with F igures 11A through 11C
of U.S. Patent Application Serial No.10/821,210 (Published U.S. Patent Application
" No. 2004/025452), assigned to the assignee of the preSent im)ention, the disclosure of which is
inco_fporated herejn by reference. The two lumens of that catheter are arranged such that flow from
the outer lumen sﬁbstantially surrounds flow from the inner lumen. In cases where the imaging
contrast is mbre viscous than blood or saline, the imaging contrast can be delivered through the
‘center lumen and the saline or non-enhancing fluid can be delivered in the outer lumen. This helps
reduce the pressure needed to push the contrast through the peribheral vein and into the central
venous system. As mentioned herein, the contrast and non-contrast flows can be adjustéd if desired
to maintain a COﬁstanf volumetric flow thrdugh the peripheral vessels as the rate of contrast molecule
delivery varies. This concentric catheter can also beﬁeﬁcially'be connected to a PICC line or central
catheter lines via a lﬁer adapter to provide a flow of contrast inside a flow of salihe, which reduces
the pressure drop in the PICC or central catheter line. V

[00133] If the test injection includes injection of a non-enhancing fluid at its end, then the
injector must “remember” and account for the fact that any applicable connector tubing and central |
_catheter will be filled with non-contrast enhancing fluid. Similarly, when the injector is first
prepared for the patient, the connector tubing between the injector and the patient4may be filled with
contrast or saline and the injector needs to account for this. OtherWise there will be an unexpectedly -
early or later arrival of contrast and the resulting impulse response or model adaptation will be
inaccurate. Not accounting for this can be especially problematic in algorithms that adaptively
respond during the imaging injection.

[00134] It is desirable that the image intensity data be reasonably accurate and repeatable.

However, many things can affect the absolute accuracy of image reconstruction algorithm and
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process that produces a 2D image in Hounsfield units. For example KV (kilovoltage on the tube),
FOV (field of view), table height, and reconstruction algoﬁthms are known variables affectihg
precision in CT. Thus it is desirable that a consistent reconstruction algorithm and other set of
variables be used. However, with modern scanners, there are a number of automatic dose reduction
approaches that cause the imaging variables to change during the scan. Moreover, with ECG gating,
the reconstruction algorithm cén change from slice to slice. Once approach to overcome this
variability can be adapted from quantitative CT (QCT). A bone mineral standard or calibration
phantom is placed in the scanner with the patient as illustrated in GE Lunar Corp brochure SL172E
7/01 copyright 2001, the disclosure of which is incorporated herein by reference. This approach
allows translation of reconstructed Hounsfield units to absolute Hounsfield units. A second |
approach is to use fat, bone ahd/or muscle tissue of the patient, rather than extemai regions of
interest in the calibration standard. This approach will only work in some instances, because thé
tissues are of constant Hounsfield units only until the contrast beings to reach that tissue. Fo;.
example, it is likely to work where the imaging target or region of interest is the lungs, heart, or great
~ vessels and tissues such as the spine and esophagus are used. This use of the patient’s tissue for
-calibration is also more applicable to a test injection or the beginning of an imaging in’jection than to
the mid or later parts of an 1mag1ng mjectlon

[00135] The QCT standard can, for example be built into or be a part of the patient support
table, the cushion on the table, and or the scanner gantry. It does not have to be a specific phantom
structure, for insfancc; aluminum, carbon epoxy, and foam often used in constructing the patient
couch would suffice if they are of consistent X-ray attenuation. In these cases where the standard is
always in a specific place-on an image, the reconstruction algorithms can automatically access the
standard values and correct the patient image. The QCT standard can also be in a region that is never
shown on the patient image.

[00136] Even if the precision is improved as described above, there can still be noise in the
Hounsfield units calculation due to the statistical absomtion of the X-rays. Using as large as possible
a region of interest reduces or minimizes this effect. The high frequency variations or noise will tend
to be averaged out. More sophisticated area computation approaches can be applied as well.
Another approach is to fit a curve to the measured value of Hounsfield units versus time. One curve

commonly used is the gamma variate curve. A polynomial curve could also be used. This smoothes
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out the noise and provides estimations of enhancement values at times between the actual
- measurements. The measured curves of Figures 16A through 17B indicate the average of the ROI
(region of interest) in the vessel, plus one standard deviation and minus one standard deviation.
| [00137] Another approach for improving accuracy is to fit the model to successive regions of
interest. In one CT slice it is possible to image several distinct regions, for example the left heart,
lnng tissue, the right heart, and the descending aorta. If the model is ﬁt to the Hounsﬁeld unit
enhancement as the contrast flows through the various regions, a more accurate fit can be achieved
as was mentioned above in relation to Figures 16A through 17B. This may potentially be most
effectively applied to physiologically based models because the model is generally readily separable
and provides access to the predicted enhancement for physiologically distinguishable regions of
1nterest h
[00138] Several of the embodlments of the present invention discussed herein have pnmarlly
‘related to the achievement of a desired 1mage contrast patlent response in Hounsfield units.
Examples of desired image contrast patient responses are a relatlvely constant or flat enhancement,
as is sometimes desired for blood vessel imaging, a continuously rising blood contrast level, as.
would be useful for liver metastatic cancer detection, and a rising and then falling contrast level to
allow portal venous phase liver imaging. However, the present invention facilitates achlevement of
generally any arbitrary enhancement profile that may be required by a doctor to make a diagnosis,
 such as for functional i imaging or perfusion mapping. '

[00139] In additien the enhancement occurs over a specific range of time. Because of the way
the analysis is conducted, the zero of time is arbitrary. In one embodiment, the desired enhancement
is defined at a time far enough from O that the injection will not need to start until well after 0 time.
For example, the enhancement can be selected to reach the desired plateau at 100 seconds. Then,
once the model is optimized or constructed for the patient, the model will predict the start time for
the imaging injection, for example 70 seconds. In nse, it is the difference between the start of the
injection and the start of the desire enhancement that is used to determine the scan delay, in this
example 30 seconds. Once everything is ready, the injector is started (from the injector, scanner, or a
th1rd piece of equipment) and then the scanner begins executing the programmed series of scans 30

seconds later (again triggered by the injector, scanner, or third piece of equipment).
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[00140] Many of the embodiments of this invention are discussed in relation to adjustments,
mbdiﬁcations, or updates' of the model for a patieﬁt being made based upon test injection imaging or
image injection imaging (see, for example, Figure 19A and 19B). In addition, the general or multi-
patient model can be adjusted, modified, or updated based upon results of one or more patients for
use with other patients. This is especially applicable if the embodiment being implemented does not
us.e. a tést injection or feal ti.me adjustnient of injection pararﬁetérs. In this case the patient specific
parameters used all are know before starting the imaging and could include for example diseasé state,
height, weight, approximate 'cardiac output (normal, poor, failing) and other generally knowable
parameters. - |

| [00141] The tepresentaﬁve embodiments of the present invention have been discussed
primérily in r_élation to the various embodiments of CT imaging. However, one skilled in the art
appreciates that the devices, systems and methods of the present invention can be readily used (with
or without modification) to enable improved optimurﬁ dosing in all other imaging devices and
methods, including, for example, magnetic resonance imaging, ultrasound imaging, X-ray
fluoroscopy, positron emission toinography, and various light imaging devices. Any modifications
of the present invention for use in imaging procedures other than CT imaging are well within the
skill of those in the art. . | |

[00142] Various drugs can benefit from application of this invention. These include, but are
ndt limited to, ionic, non-ionic, dimeric, and blood pool contrast égents.- Also included are
physiological active drugs, especially those with short half-lives. Two or more different or similar
models can be used with two or more different drugs during the same diagnostic procedure, such as
imaging contrast for CT, MR, or ultrasound in combination with dobutamine for cardiac stress
imaging. A

[00143] Imaging and image enhancement levels are examples of output from a “sensor”.
Other sensors suitable for use in the i)resent invention are listed, for example, in US Patent
Nos. 5,840,026 and 6,385,483, the disclosures of which are incorporated herein by reference. Still
other sensors relate to other physiological parameters such as blood level of a drug, such as
chemotherapy, or, blood level of a resultant of the drug, such as blood glucose or dissolved blood

clot molecules. Other examples of sensors suitable for use in the present invention include, but are
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not limited to, EEG (Electroencephalogram), muscle response sensors, or specific nerve bundle
| activation level sensors.) _

[00144] In some imaging devices, the goal is to maintain constant enhancement levels over
longer times than a few seconds. One example is ultrasound imaging. These contrast drugs are
normally blood pool agents, meaning that they stay in the blood vessels and do. not diffuse into the
extravasculér or intracellular spaces. Thus the derived mathematical model will be different in detail
than matherhatical models derived for -vuse in CT, but the devices, systems and methods disclosed
herein are similarly useful and applicable. '

[00145] When a model is developed for a patient, it can be recorded and saved, so that it

becomes the basis for a subsequent model: This can eliminate some time for subsequent tests, for
example eliminate the need for a test injection. Moreover, if can increase the accuracy of the model.
" In addition, recording and savihg test scan measurements or images can help in model creation for a
future scan. " | _

[00146] Given that a model/patient transfer function is identified(for example, having the form
- of Equation (1)), one fnay attempt to solve for an input signal that will produces a desired output
(that is, a desiréd level of contrast enhancement in-an anatomical region of interest). Assuming a
Linear Time Invariant system (that is also causal and stable), the input-output relationship of a

. discrete-time (or sampled) system is:

y(n)= h(n)*.x(n_) =g {H (z)} -x(n) = Z x(m)h(n—m)
. m=0
Equation (15)
where the operator I7'{} is an inverse, discrete Fourier transform. Because the system is assumed to

_be linear, time invariant, and causal the terms within the summation on the right hand side can be
_interchanged so that the input-output relationship can also be written as:
yxy="Y" h(m) x(n~m)

m=0

Equation 16

The H(z) term can be computed by a-priori modeling of the patient/drug system as described above,
computed by system identification techniques operating on data collected during a brief inquiry of

the system with a small injection of pharmaceutical, or computed with a combination of both
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approaches. Assuming a noise free measurement, Equation 15 can be recast into a linear algebra
formulation:
y=Hx
Equation (17)

e - -, _ .
where y is an Mx1 length column vector, x is a column vector of values describing the input to the

system response of the identified model of length N (assume that M=N). The matrix H is a lower

triangular, Toeplitz matrix having structure:
k(1) 0 0 0
h2) Kl 0 0O

=
i

;1(2) ;;(1) 0
_‘Z(M) ;I(M—l) ;'(1)4 A
- Equation (18)

[00147] One approach to solving Equation (17) for the vector x (input) given a desired output
(». vector) and a Toeplitz matrix H as eipressed in the form of Equatidri (18), is to find the a vector

x that minimizes the cost fuhcﬁoh (known as a linear least-squares problem):

16 = 27

l - =_ . _ =_
=5 O-HD' (y-Hx)
' Equation (19)
The cost function in Equation (19) achieves its global minimum when it gradient equals zeros. A

‘well known result is that the vector x can be solved as:

— =T= =T._. =+_
x=(H H'H y=H y
Equation (20)

where H* is the Moore-Penrose pseudo-inverse. Equation (20) is the general solution to the

overdetermined case when the row rank of H exceeds the column rank. When the row and column

rank of H are equal (and thus a square matrix), the solution of Equation (19) is:
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==-]_

x=H y
Equation (21)

where the inversion of H may be computed via a number of techniques (Gauss elimination with

pivoting, singular value decomposition, etc.).Clearly, if the matrix of the model's impulse response

H is not invertible (due to singularities or being ill conditioned due to noise), then one is unable to
determine a reliable input signal that can achieve a desired output. This is an intuitively satisfying
| condition because if the sjrstem of Equation 1 is not invertible then the conditions of linearity, time
invariahce, and causality have not been enforced (or the true procéss can not be approximated with
those assumptions). It is .notable that signiﬁcaht noise and/or model uncertainty can cause great
deviations in the numerical result of Equation (21).
[00148] A constrained deconvolution solution (a regularization deconvolution formulated as a
constrained optimization problem) in which the form of the expression to minimize is (DeNicolao G.
1997) is set forth as:
' nulzigl(y—Hu)TnB"l(y——Hu)+j7uTFTFu
Equation (21)
can also be used. Equation (21) does not have a closed-form solution so it must be solved via
iterative techniques. Thé- H matrix is.a_'lower' diagonal, Toeplitz‘ matrix of impulse coefficients —
which can be determined via a system identification method, or by simply inserting the values of the
'time-enhancemént curve imaged from a test injection. The y term represents the desired output and u
is the control. The second term in Equation 21 represents a means for addressing the noise corruption
" and uncertainty in the measurement. The matrix F represents a “forgetting” factor that can have on
its diagonal the covariance _estimgtc of the noise. Equation (21) can, for example, be solved using‘a
weighted least-squared ‘numerical optimizafion and/or multi-objective constrained 6ptimizati0n
techniques.
[00149] Although the present invention hasl been described in detail in connection with the
above embodiments and/or examples, it should be understood that such detail is illustrative and not
restrictive, and that those skilled in the art can make variations without departing from the invention.

The scope of the invention is indicated by the following claims rather than by the foregoing
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description. All changes and variations that come within the meaning and range of equivalency of

the claims are to be embraced within their scdpe.
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WHAT IS CLAIMED IS:

1. A method of delivering a contrast enhancing fluid to a patient using an injector

system, comprising:

determining at least one patient transfer function for the patient based upon data specific to the
~ patient, the at least one patient transfer function providing a time enhancement output for a given
input; J |
determining a desired time enthancement 'output;

using the at least one patient transfer function to determine an injection procedure input; and

controlling the injector system at least in part on the basis of the determined injection procedure

input.

2. The method of claim 1 wherein the injection procedure input is determined

c‘onéidering at least one operational limitation or constraint of the injector system.

3. The method of claim2 wherein the at least one patient transfer function is
determinéd using a system identification model comprising parameters related to physiological

. ’parémeters of'the patient.
4. ' The method of claim 3 the system identification model is discretizable.
5. The method of claim 3 further comprising the steps of:

developing an initial patient transfer function using estimates of at least one physiological

parameter of the patient;
performing an injection; and

revising the patient transfer function based upon at least one time enhancement output of the

injection.

6. The method of claim 5 wherein at least one patient physiological parameter is

measured from the at least one time enhancement output.
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7. The method of claim 5 wherein the injection is a test injection performed prior to a

diagnostic imaging procedure.

8. The method of claim 7 wherein time enhancement outputs’ resultirlg from the test

injection are measured for at least two different regions of interest.

9. The method of claim 8 wherein differences between the time enhancement outputs

‘provide a measure of at least one patient physiological parameter.

10.  The method of claim 9 wherein the at least one patient physiological parameter is

- parameter of the cardiopulmonary system

11. The method of claim 10 wherein the at least one patient physiological parameter is

cardlac output, blood volume ina regron arate transfer term or a transit delay.

12.  The method of claim 8 wherein a first time enhancement output is measured in the
ascendmg aorta or the descending aorta and a second time enhancement output is measured in the

pulmonary artery trunk. |

13.  The method of claim 9 wherein a first time enhancement output is measured in the
ascending aorta or the descending aorta and a second time enhancement output is measured in the

pulmonary artery trunk.

14.  The method of claim 13 wherein the at least one patient physiological parameter is

cardiac output, blood volume in a region, a rate transfer term or a transit delay. -

15.  The method of claim 2 wherein the at least one patient transfer function is

determined by the steps:
collecting data corresponding to a time response curve resulting from injection of the fluid; and
determining at least one mathematical model describing the data.

16.  The method of claim 15 wherein the mathematical model is not determined by a

continuous or a discrete-time Fourier transform of the data.

17.  The model of claim 15 wherein the model is a parametric model.
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18.  The method of claim 17 wherein the model is a moving average or an
autoregressive moving average.

19.  The method of claim 17 wherein the mathematical mbdel' assumes linearity and

time invariance.

20.  The method of claim 15 wherein the model is a non-parametric model determined

by a spectral estimation teChDjQue.

‘ 21.  The method of claim 20 wherein the spectral estimation technique is Welch’s
method, Bartlett’s method, a multiple signal classification (MUSIC) method, or the Periodogram
method.

22.  The method of claim 15 wherein data is collected during at least one test injection

* prior to an imaging injection.

23.  The method of claim 15 wherein the at least one patient transfer function is

ubdated with data collected during the imaging injection. |

24.  The method of claim 3 wherein the at least one patient transfer function is updated

with data collected during the imaging injection.

25. The Ihethod of claim 2 wherein the at least ‘one patient transfer function is

determined at least in part on the basis of at least one injection.

© 26.  The method of claim 25 wherein the at least one injection is a test injection

performed priér to a diagnostic imaging procedure.

27.  The method of claim 26 wherein the test injection comprises injéction of contrast

medium followed by injection of a non-contrast fluid.

28.  The method of claim 27 wherein the non-contrast fluid is injected at substantially
the same volumetric flow rate as a flow rate of contrast medium preceding the injection of non-

contrast fluid.
29. The method of claim 28 wherein the non-contrast fluid is saline.

30. The method of claim 26 wherein more than one test injection is performed.
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31.  The method of claim 30 where one test injection comprises injection of contrast
medium only and another test injection comprises injection of contrast medium followed by

injection of a non-contrast fluid.

32.  The method of claim 2 wherein the injection procedure input is determined using

an analytical solution or using a numerical, constrained optimization technique.

.33. . The method of claim 32 wherein the numerical, constrained optimization

technique is a weighted least-Squared numerical optimization.

34.  The method of claim 32 wherein the injection procedure input is optimized to
minimize the mass of a contrast enhancing agent in the contrast enhancing fluid delivered to the

© patient.

35.  The method of claim 35 wherein the contrast enhancing agent is iodine, xenon or

- gadolinium.

36.  The method of claim 1 wherein the contrast enhancing fluid is a CT contrast
'enhanéing fluid, a MRI contrast enhancing fluid, an ultrasound enhancing imaging fluid or a

radioactive contrast enhancing fluid.

37.  The method of claim 1 wherein at least two patient transfer functions are
determined and the injection procedure input is determined on the basis of one of the patient

transfer function.

38. The method of claim 37 wherein a first patient transfer function is determined
using a system identification m_odel comprising parameters related to physiological parameters of
the patient and a second patient transfer function is determined using a mathematic model
determined by collecting data corresponding to a time enhancement curve resulting from

injection, the mathematical model describing the data.

39. The method of claim 37 wherein a determination is made as to which patient

transfer function provides the best correlation between a given input and a resulting output.

40. A method of determining at least one patient physiological parameter from an

imaging procedure comprising the steps: measuring time enhancement outputs for at least two
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different regions of interest and determining at least one difference between the time

enhancement outputs to provide a measure of the at least one patient physiological parameter.

41. | The method of claim 40 wherein the at least one patient physiological parameter is

parameter of the cardiopulmonary system

42.  The method of claim 41 wherein the at least one patient physiological parameter is

cardiac output, blood volume in a region, a rate transfer term or a transit delay.

43.  The method of claim 40 wherein a first time enhancement output is measured in
the ascending aorta or the descending aorta and a second time enhancement output is measured in

the pulmonalfy artery trunk.

44.  The nieth_od of claim 43 wherein the at least one patient physiological parameter is

cardiac output, blood volume in a région, arate transfer term or a transit delay.

45.  An injector system for the delivery of a fluid td a patient comprising: an injector
and a- controller in communicative ,éonnection with the injector, the controller comprising at least
one patient transfer function determined for the patient based upon data specific to the patient, the
at least one patient transfer function providing a time enhancement output for a given input, the

controller coniprisin’g a prdcessor to determine an injection procedure input for a desired time

R enhancement output usiﬁg the at least one patient transfer function.

46.  The injector system of claim45 wherein the injection procedure input is

determined considering at least one operational limitation of constraint of the injector.

47.  The injector system of claim 45 wherein the injection pfocedure input is

determined using an analytical solution or a numerical, constrained optimization technique.

48.  The injector system of claim 47 wherein the numerical, constrained optimization

technique is a weighted least-squared numerical optimization.

49.  The injector system of claim 47 wherein the injection procedure input is optimized
to minimize the mass of a contrast enhancing agent in the contrast enhancing fluid delivered to

the patient.
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50.  The injector system of claim 45 wherein the contrast enhancing agent is iodine,

xenon or gadolinium.

51.  The injector system of claim 45 wherein the contrast enhancing fluid is a CT
contrast enhancing fluid, a MRI contrast enhancing fluid, an ultrasound enhancing imaging fluid

or a radioactive contrast enhancing fluid.

52. A method of modeling prop'agation" of a pharmaceutical fluid in a patient,

comprising:
collecting data corresponding to a time response curve resulting from injection of the fluid; and

determining at least one mathematical model describing the data, provided that the mathematical

model is not determined by a continuous or a discrete-time Fourier deconvolution of the data.

53. A method of claim 52 wherein the fluid is a contrast medium used in an imaging
procedufe and the data collected corresponds to a time enhiancement output resulting from

“injection of the contrast medium.
54.  The model of claim 53 wherein the model is a pérametn'c model.

55. The' method of claim 54- wherein the model is a "moving» ‘average or an

autoregressive moving average.

56.  The method of claim 54 wherein the mathematical model assumes linearity and
time invariance. |
57.  The method of claim 53 wherein the model is a non-parametric model determined

by a spectral estimation technique.

58. The method of claim 57 wherein the spectral estimation techniqhe is Welch’s
method, Bartlett’s method, a multiple signal classification (MUSIC) method, or the Periodogram
method.

59.  The method of claim 53 wherein data is collected during at least one test injection

ptior to an imaging injection.
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60.  The method of claim 53 wherein the model is updated with data collected during

the imaging injection.

61.  The method of claim 59 wherein the test injection comprises injection of contrast

medium followed by injection of a non-contrast fluid.

62. The method of claim 61 wherein the non-contrast fluid is injected at substantially
the same vo’lumeti’ic. flow rate as a flow rate of contrast medium preceding the injection of non--

contrast fluid. -
63.  The method of claim 62 wherein the non-contrast fluid is saline.
64. © The method of claim 59 wherein more than one test injection is performed.

65.  The method of claim 64 where one test injection comprises injection of contrast
medium only and another test injeétion comprises injection of contrast medium followed by

injection of a non-contrast fluid.

66. A method of controlling injection of a pharmaceutical fluid into a patiént using an

‘A injector in a medical procedure, comprising:
collecﬁng data corresponding to a patient response éme resulting from injection of the fluid,

determining at least one mathematical model describing the data, provided that the mathematical

‘model is not determined by a continuous or a discrete-time Fourier deconvolution of the data; and

controlling the injector during the medical procedure to control injection of the fluid into the

- patient to create patient response at least in part on the basis of the mathematical model.

67. A method of controlling claim 66 wherein the medical procedure is a medical
imaging procedure using an imaging scanner and the collected data corresponds to a time
enhancement curve resulting from injection of the contrast medium and the injector is controlled
to control injection of the contrast medium into the patient to create an image of a region of

interest at least in part on the basis of the mathematical model.

68.  The model of claim 67 wherein the model is a parametric model.

50



WO 2006/055813 PCT/US2005/041913

69.  The method of claim 68 wherein the model is moving average or an autoregressive

moving average.

70.  The method of claim 69 wherein the mathematical model assumes linearity and
time invariance.
71.  The method of claim 67 wherein the model is a non-parametric model determined

by a spectral estimation technique.

72.. The method of claim 71 wherem the spectral estimation technique is Welch’s
method, Bartlett’s method, a multlple signal clas51ﬁcat10n (MUSIC) method, or the Perlodogram
method.

73. The method of claim 67 wherein data is collected during at least one test injection

prior to an imaging injection.

74.  The method of claim 73 wherein the model is updated with data collected during

the imaging injection.

75. The method of claim 73 wherein the test injection comprises injection of contrast

medium followed by injection of a non-contrast fluid.

76.  The method of claim 75 wherein the non-contrast fluid is injected at substahtially
* the same volumetric flow rate as a flow rate of contrast medium preceding the injection of non-

contrast fluid.
717. The method of claim 76 wherein the non-contrast fluid is saline.
78.  The method of claim 73 wherein more than one test injection is performed.

79.  The method of claim 78 where one test injection comprises injection of contrast
medium only and another test injection comprises injection of contrast medium followed by

injection of a non-contrast fluid.

80.  The method of claim 67 wherein the injector is also controlled at least in part on

the basis of information regarding the patient response during the imaging procedure.
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81.  The method of claim 67 wherein the injector is also controlled at least in part on

the basis of information on at least one measured physiological variable of the patient.

82.  The method of claim 81 wherein meésu‘red physiological variable is used to alter

the output of the mathematical model.

83.  The method of claim 67 wherein the step of controlling the injector comprises
commencing injection of the contrast medium at one time and commencing an image scan of the
region of interest at a second time determined at least in part on the basis of the mathematical

model.

84.  The method of claim 83 wherein the second time is determined on the basis of a
prediction of a time of attainment of a predetermined enhancement level as determined by the

mathematical model.
85. An injection system comprising:
an injector; and

a -injector controller in operative communiéétion with the injector to control the injector, the
 injector controller controlling injection of a fluid based upon at least one mathematical model,
| the mathematical model being determined by colle'cti'n'g data' corresponding to a time
enhancement curve resulting from injection of the contrast médium, provided that the
mathematical model is not determined by a continuous or a discrete-time Fourier deconvolution

- of the data.

86.  The injection system of claim 85 wherein the controller comprises a computer
comprising at least one processing unit and at least one memory, the memory having stored |

therein a computer program to determine the mathematical model.

87. A method of controlling injection of a contrast medium into a patient using an

injector in a medical imaging procedure using an imaging scanner, comprising:

determining at least one mathematical model to predict a time enhancement response resulting

from injection of the contrast medium;
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determining an injection protocol to approximate a predetermined time enhancement response in

the patient by determining a constrained input solution to the mathematical model; and

using the injection protocol to control the injector during the medical irhaging procedure to

control injection of the contrast medium into the patient to create an image of a region of interest.

88.  The method of claim 87 further comprising the step of changing the injection
protocol as a result of feedback regarding the time enhancement i'esponse during the imaging

procedure.

89.  The method of claim 87 further éomprising the step of changing the injection
protOéol as-a result of data regarding at least one patient physiological parameter during the

‘imaging procedure.

90.  The method of claim 87 wherein the step of determining an injection protocol to
approximate the predetermined time enhancement response is accomplished using a numerical

solver or a numerical optimizer.

91. The method - of claim 87 wherein the constrained input solution to  the

mathematical model is constrained by at least one operational limitation of the injector.

192, The method of claim 87 wherein the constrained input solution to the mathematical
model is cohstrained by at least one operational limitation related to patient safety or contfort.

93.. The method of claim 87 wherein the injection of the contrast mediﬁm is

commenced at one time and an Iinllage scan of the region of interest is commenced at a second -

time determined at least in part on the basis of the mathematical model.

94, The method of claim 93 wherein the second time is determined on the basis of a
prediction of a time of attainment of a predeterrnined enhancement level as determined by the

mathematical model.

95.  The method of claim 87 wherein the at least one mathematical model is a patient
transfer function for the patient based upon data specific to the patient, the at least one patient

transfer function providing a time enhancement output for a given input.
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96.  The method of claim 95 wherein the patient transfer function is determined using
a system identification model comprising parameters related to physiological parameters of the
patient or is determined using a mathematic identification model détermi‘ned by collecting data
corresponding to a time enhancement curve resulting from injéction of the patient, wherein the

mathematical identification model describes the data.

97. A system for effecting a medical procedure comprising:
a senéing system to detect a patient respbnse;
an injector adabted to inject a pharmaceutiqal ﬂpid; and

a cohtroller in operative communication with the injector to control the injector, the injector
controller controlling injection of a ﬂﬁid based upon at least one mathematical model, the
mathematical model being determined by collecting data from the sensing systefn corresponding’
to a time résponse curve‘ fesultihg from injection of the fluid, pfovided that the mathematical

‘model is not determined by a continuous or a discrete-time Fourier deconvolution of the data.
98.  Animaging system:
an imager to create an image of a region of interest of a patient;
an injector adaptéd to injec‘t a contrast niedium; and

a controller in operative communication with the injector to control the injector, the injector
controller controlling injection of the contrast ’mediur.n'ba'sed upon at least one mathematical
model, the mathematical model being détermined by colleéting data from - the imager
corresponding to a time enhancement curve resulting from injection of the contrast medium,
provided that the mathematical model is not determined by a continuous or a discrete-time
Fourier deconvolution of the data. |

99. A method of controlling injection of a pharmaceutical fluid into a patient using an
injector having a controller in communicative connection with a computer memory in a medical

procedure, comprising:

collecting data corresponding to a patient response curve resulting from injection of the fluid;
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choosing at least one mathematical model from a plurality of mathematical models stored in the

computer memory to describe the data;
adapting the model to the collected data; and

controlling the injector via the controller during the medical procedure to control injection of the
fluid into the patient to create patient response at least in part on the basis of the mathematical

model.

100. A system for creating ap image of a regiori of int¢rest of a patient cbmprising:- |
an imaging device'fog measuring a property éf the patient over a region of interest;
an inj éctor for injecting a phMaceutical into the patient;
é_lt least one standard region that isA also measured by thev.imaging device;

and a computation algorithm that corrects measurements of the property over the patient’s region

of interest based ﬁpon the measurements in the standard region.
101. The syst§m of claim 1.00 whe;ein,standard regiqn is outside of the patient.
102. The systém of claim 100 where standard region is a région of the patient.
103. A method of crea_tihg an image of a regiop of interest in a patieﬁt comprisihg:
measuring a property of the patient over the region of interest using an imaging device;
measuring at least one region of a standard with the imaging device; and

correcting measurements of the property over the patient’s region of interest based upon the

measurements in the standard region.
104. The method of claim 103 wherein standard region is outside of the patient.

105. The method of claim 103 where standard region is a region of the patient.
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106. An imaging system:
an imager to create an image of a region of interest of a patient;
an injector adapted to inject a contrast medium; and

a controller in operative communication with the injector to control the injector, the controller
comprising at least one patieht transfer function determined for the patient based upon data
specific to the patient, the at least one patient transfer function providing a time enhancement
output for a given input, 'tllle controller comprising a processor to determine an injection
procedure input for a desired time enhancement outﬁut using the at least one patient transfer

function.
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Steiglitz-McBride ARMA estimates and empirical scan data
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